Abstract Most persistent organic pollutants, due to their hydrophobic properties, accumulate in aquatic sediments and represent a high risk for sediment quality. To assess the toxicity of hydrophobic pollutants, a novel approach was recently proposed as an alternative to replace, refine and reduce animal experimentation: the medaka embryo-larval sediment contact assay (MELAc). This assay is performed with Japanese medaka embryos incubated on a natural sediment spiked with the compound being tested. With the aim of improving this assay, our study developed a reference exposure protocol with an artificial sediment specifically designed to limit natural sediment composition uncertainties and preparation variability. The optimum composition of the new artificial sediment was tested using a model polycyclic aromatic hydrocarbon (PAH), fluoranthene. The sediment was then validated with two other model PAHs, benz[a]anthracene and benzo[a]pyrene. Various developmental end points were recorded, including survival, embryonic heartbeat, hatching delay, hatching success, larval biometry and abnormalities. The final artificial sediment composition was set at 2.5 % dry weight (dw) Sphagnum peat, 5 % dw kaolin clay and 92.5 % dw silica of 0.2-to 0.5-mm grain size. In contrast with natural sediments, the chemical components of this artificial matrix are fully defined and readily identifiable. It is totally safe for fish embryos and presents relatively high sorption capacities for hydrophobic compounds. Studies with other hydrophobic and metallic contaminants and mixtures should be performed to further validate this artificial sediment.
Introduction
Due to their high capacity to sorb and store contaminants, aquatic sediments are major sinks for persistent organic pollutants and thereby secondary sources of contamination for aquatic ecosystems (Harris et al. 1996) . Sediments represent a real threat for all organisms living in contact with sediment or feeding from them. Organic compounds, such as polycyclic aromatic hydrocarbons (PAHs), are ubiquitous in the natural environment. Several studies have documented PAH concentrations of up to 50 μg g −1 dry weight (dw) sediment in various affected aquatic ecosystems in Europe (Baumard et Benlahcen et al. 1997; Cachot et al. 2006) . Multiexposure to PAHs can occur directly from the contaminated sediment, from the molecules adsorbed onto suspended particles or dissolved in the water column, or indirectly through consumption of benthic prey (Cailleaud et al. 2007; Mayer et al. 2007; ter Laak et al. 2009 ). The bioavailability of chemical compounds accumulated in sediments depends on several parameters, either physicochemical, such as molecule desorption organic matter content, overlying water properties and particle size, or external factors, such as dredging, storms, flood, tides and bioturbation (Roberts 2012; Cailleaud et al. 2009; Wölz et al. 2008; Sundberg et al. 2007 ).
The usefulness of fish early life stages (ELS) for chemical testing has been widely described in the literature Embry et al. 2010; Vicquelin et al. 2011) , mainly because ELS are very sensitive to a large variety of chemicals (Lammer et al. 2009 ). Tests using fish embryos and eleutheroembryos (yolk-sac larvae) are not considered in vivo tests by EU regulations on the protection of animals used for scientific purposes (EC 2010) . Fish ELS assays also fulfil the requirements of European REACH regulations on the reduction, refinement and replacement of animals for toxicity assessment of chemicals (EC 2006) . More recently, sediment contact assays using ELS have been proposed as an alternative to classic ecotoxicity assays for chemical testing (Barjhoux et al. 2012; Vicquelin et al. 2011 ) and assessment of sediment toxicity (Hollert et al. 2003; Kosmehl et al. 2006; Rocha et al. 2011) . These assays better reproduce the multiple sources of exposure to benthic organisms via sediment, particle and dissolved phases than waterborne exposure.
Japanese medaka (Oryzias latipes) was selected primarily for its high sensitivity at early life stages to organic contaminants (Barjhoux et al. 2012; Cachot et al. 2007 Cachot et al. , 2008 Farwell et al. 2006; Vicquelin et al. 2011) and its ability to bioaccumulate various classes of pollutants during the initial hours of development (McElroy et al. 2006; Hornung et al. 2004 ). In addition, Japanese medaka is easy to breed and has a transparent chorion, making it possible to track each stage of embryonic development during exposure. Furthermore, the developmental biology of Japanese medaka has been accurately described in previous literature (Iwamatsu 2004) . Lastly, the baseline mortality of embryos and sac fry is particularly low, at around 10 % (Barjhoux et al. 2012; Vicquelin et al. 2011) . A sediment contact version of the medaka embryolarval assay (MELAc) was recently developed for organic (Cachot et al. 2007; Vicquelin et al. 2011 ) and metallic pollutant testing (Barjhoux et al. 2012) . Because natural sediment composition varies over time, its use in pollutant toxicity testing can be controversial (Bouloubassi et al. 2006) . Since the behaviour of a spiked pollutant depends on sediment composition (Höss et al. 2010; Hsu et al. 2007) , the process of adsorption and desorption can vary according to the composition of natural sediments. Natural sediments cannot be considered totally free of contamination. Taking this into consideration, the use of a chemically spiked artificial sediment is a solution that could allow the standardisation of assays for hydrophobic pollutant testing. Whilst an artificial sediment is already available for chemical testing on chironomids (OECD 2004) , it is not suitable for fish development. Its elevated clay content (20 % dw) may clog the chorion of embryos and thus prevent gas exchanges and impair embryonic development.
This study aims to develop and validate a new reference artificial sediment for toxicity testing of hydrophobic chemicals using the MELA sediment contact assay. The first step was to form the artificial sediment from three components: sand, clay and organic matter. This was then tested using fluoranthene (fluo). Three consecutive experiments were performed to select a suitable grain size for sand and organic matter based on three criteria: maximal fluo spiking efficiency, maximal fluo toxicity and safety of the solvent control sediment for medaka embryo development. Fluo was selected as a model pollutant for its high hydrophobicity, high absorption capacity for particles and organic matter, and common presence in the aquatic environment (Guasch et al. 2012; Cachot et al. 2006) . The second step consisted of validating the final composition of the artificial sediment with several fluo concentrations, with repeated fluo exposures. This was also applied to two other model PAH compounds: benz[a]-anthracene (BaA) and benzo[a]pyrene (BaP).
Materials and methods

Chemicals
Sigma-Aldrich (St Quentin Fallavier, France) supplied fluo, BaP and BaA, as well as ethyl 4-aminobenzoate (benzocaine). Spiking solutions of fluo at 750 μg mL and BaA at 500 μg mL −1 were all prepared in isooctane (HPLC grade, Scharlau, Barcelona, Spain). Atlantic Labo (Bruges, France) supplied pentane solvent. Biosolve (Valkenswaard, the Netherlands) and Acros Organics (Thermo fisher Scientific, Geel, Belgium) supplied the dichloromethane solvent.
Artificial reference sediment preparation
Three consecutive experiments were performed to ascertain the most suitable composition for the artificial sediment in terms of sand grain size (experiment 1A), clay content (experiment 1B) and organic matter content (experiment 1C), as illustrated in Fig. 1 . Three criteria were used to select the most suitable sediment composition: maximum spiking efficiency, maximal fluo toxicity and lack of toxicity detected in the solvent control sediment. The composition and the preparation of the artificial sediment were based on the OECD 218 (OECD 2004) and recent works from Nia et al. (2011) and Zielke (2011) . Experiment 1A aimed to select the size of sand grain suitable for hydrophobic compound testing with the MELAc test. Sand supplied by Sibelco (sand reference BB 0.2/2h, Mios, France) was washed once with hydrochloric acid (7 %) then rinsed generously with Milli-Q water before being used. After 24 h of drying at 90°C, the sand was sieved and placed into three categories: particles below 0.2 mm, particles between 0.2 and 0.5 mm, and particles between 0.5 and 2 mm. The 0.2-to 0.5-mm sand fraction appeared the most suitable for chemical testing with the MELAc and was selected to make up the artificial sediment used in our experiments.
Experiment 1B aimed to define the most suitable clay content in the artificial sediment. Kaolin clay (Merck, Darmstadt, Germany) was added to 0.2-to 0.5-mm sand fractions for final clay concentrations of 0, 7.5, 15 or 30 % dw in glass bottles. Sediment was moistened with Milli-Q water 1:4 (v/v), mixed at 180 rpm for 4 h and then dried for 24 h at 90°C. Clay was shown to affect hatching success during exposure, even at the lowest concentration tested, 7.5 % (data not shown). Consequently, the clay content in the artificial sediment was set at 5 % to avoid embryo clogging.
Experiment 1C aimed to establish the most suitable organic matter content in the artificial sediment. Sphagnum blond peat (Florentaise, St Mars du Désert, France) was dried for 48 h and then sieved to retain only those particles below 0.5 mm. Blond peat was moistened with Milli-Q water (1:25, v/v) and then mixed for 48 h at 180 rpm. Humid peat at 0, 2.5 or 5 % dw final concentration was then added to the 0.2 to 0.5-mm sand fraction supplemented with 5 % of clay. The sediment was then mixed by continuous shaking at 180 rpm for an additional 24-h period. The pH was then adjusted to 6.5 using calcite solution (10 % in Milli-Q water). After 7 days of storage at room temperature for stabilisation, 1:4 (v/v) of Milli-Q water was added to the sediment in each bottle. Supernatant water was removed after 24 h decantation. The sediment was then dried at 105°C for 14 h without shaking. After testing, peat content in the artificial sediment was set at 2.5 %.
Experiments 2A, 2B, 2C and 2D aimed to validate the composition of the artificial sediment: 92.5 % 0.2-to 0.5-mm grain size, 5 % clay and 2.5 % peat. The 10-μg g Exp 2D : testing with BaP at 10 µg g -1 dw Fig. 1 Outlines of the different series of experiments carried out for the development and validation of an artificial reference sediment specifically designed for the medaka embryo-larval assay in sediment contact (MELAc) for chemical analysis. Spiked sediments were stored in the dark at ambient temperature and usually used within 2 days.
Physicochemical characterisation of the artificial sediment
The particle size distribution of the sediment was determined by diffractometry. Artificial reference sediment was moistened and mixed with egg rearing solution (ERS) 24 h at 100 rpm. Pore water was then extracted from the sediment by centrifugation at 4,000 rpm for 10 min and stored at −20°C prior analysis. Dissolved ammonium in pore water was quantified using a colorimetric method (Strickland and Parsons 1972) and the particulate organic carbon concentration of the sediment by infrared spectroscopy (Etcheber et al. 1999 ). These three analyses were performed in triplicate.
PAH analysis in sediment Sediment samples were stored at −20°C before analysis.
Internal deuterated standards fluo d10, chrysene d12 and BaP d12 were added prior to the extraction of 0.2 g of sediment and to one blank analysis. PAH compounds were extracted for 10 min at 30 W using microwave extraction with dichloromethane as a solvent (Budzinski et al. 2000) . Samples were then re-concentrated using a Vacuum Evaporation System (Rapidvap Labconco, Kansas City, MO). Concentrated extracts were purified using alumina micro-columns and eluted with 3 ×5 mL of dichloromethane. After another reconcentration step, the aliphatic fraction was eluted on a silica micro-columns using a mixture of pentane/dichloromethane (65:35, v/v). Finally, samples were concentrated in isooctane and then pyrene d10 and benzo[b]fluoranthene d12 were both added as syringe standards before injection. Fluo, BaA and BaP molecules were analysed with gas chromatography coupled to mass spectrometry as described by Baumard et al. (1998) . The average extraction efficiencies for all compounds were generally very satisfactory, at 70.0±9.4 % for fluo, 95.0±13.0 % for BaA and 87.2±14.6 % for BaP (mean± SD). The entire analytical procedure was applied to the certified marine sediment SRM 1944 (NIST, Gaithersburg, MD) with grain size, organic carbon content and PAH concentration (NIST 2008) comparable to the artificial sediment used in the present study.
Embryo collection and exposure
Gis-Amagen (INRA, Jouy-en-Josas, France) provided Japanese medaka (O. latipes) embryos (CAB strain) at early gastrula, stages 14-15 (Iwamatsu 2004 ). Embryos at 1 day postfertilisation (dpf) were placed into a Nitex® thermoformed basket which was in turn placed onto the surface of the sediment. Exposure by sediment contact was performed throughout embryonic development from 1 dpf until hatching.
Exposures, replicated three times per condition, were carried out in 35-mm diameter plastic Petri dishes (Greiner, Courtaboeuf, France) containing 3 g dw of sediment, 3 mL of ERS (1 g NaCl, 0.03 g KCl, 4.04 g CaCl 2 and 0.163 MgSO 4 in 1 L Milli-Q autoclaved water) and 25 embryos. During exposure, the ERS medium was renewed daily. Experiments took place in a climate chamber (Snidjers Scientific, Tilburg, the Netherlands) at 26±0.3°C with a light/dark photoperiod of 12:12 and 5,000-lx white light. When more than half of the individuals hatched in the three replicates of a single condition, exposure was then stopped for all conditions. After hatching, pro-larvae were observed and transferred into a glass beaker containing 20 mL of mixed water (dechlorinated tap water mixed with distilled water 1:2, v/v, aerated for 24 h). At the end of the exposure, non-hatched embryos were transferred into new plastic Petri dishes containing 3 mL ERS without sediment until hatching. Three days after hatching, the experiment was stopped by euthanizing all remaining larvae and embryos with a lethal dose of 120 mg L −1 ethyl 4-aminobenzoate. Pro-larvae were not fed during the experiment. Dissolved oxygen concentration was measured daily before ERS renewal in each exposure unit with a fiber-optic oxygen mini-sensor Fibox 3 (PreSens Precision Sensor, Regensburg, Germany). Measurements were compensated with a temperature sensor PT 1000. After 3 min of oxygen and temperature sensor stabilisation, data were recorded using OxyView v6.02 software (PreSens Precision Sensor). The oxygen probe was placed at the interface between the ERS and the sediment.
Embryo-larval assay
Dead embryos and larvae were recorded daily and immediately removed to avoid alteration of the medium. Embryonic survival referred to the number of live embryos or hatched larvae at the end of the experiment compared to the number of embryos at 24 h of exposure. Embryos that died within the first 24 h of the test (2-5 %) were not taken into consideration for the calculation since this was likely to be related to transportation stress. Larval survival referred to the number of larvae alive at the end of the experiment compared to the total number of hatched individuals. Hatching rate referred to the number of hatched individuals compared to the number of live embryos at 24 h. Hatching time referred to the number of days that embryos took to develop, from fertilisation to hatching.
Heartbeat was recorded at room temperature 23±1°C on 7 dpf embryos temporarily transferred to an ERS medium to facilitate measurement. It was registered under a stereomicroscope (MZ 7.5 Leica, Nanterre, France) at ×25 magnification coupled with a halogen cold light source (Intralux 4100, Volpi, Schlieren, Switzerland). Heartbeat was counted over three periods of 20 s for the same embryo. Values were summed to obtain beats per minute data for each embryo. Five individuals were analysed per replicate.
At hatching, 15 larvae per replicate were individually examined to record morphological abnormalities and lesions. Observed larvae were randomly selected and photographed at ×25 magnification with a stereomicroscope (MZ7.5 Leica) coupled with a CDD camera (DFP420C Leica). Five types of abnormalities and lesions were scored: oedema (yolk sac, pericardia and skeletal); spinal (scoliosis, lordosis, kyphosis and tail bud abnormalities); craniofacial (jaw and skull abnormalities); ocular (missing eye, cyclopia, hypertrophy or atrophy ); and cardiac (anaemia, haemorrhage, ventricle size, blood circulation and heart position). Abnormalities were scored using a scale of five points, i.e. one point per malformation type. One larva could exhibit several abnormality types and/or several malformations of the same type (counted once). Percentage of abnormal larvae referred to the number of larvae presenting at least one abnormality in comparison to the number of observed individuals.
Head length (from terminal point of the lower jaw to rear operculum), total body length (from terminal point of the lower jaw to the end of caudal fin) and yolk sac area (excluding swim bladder area) were measured between 0 and 24 h post-hatching, on 15 larvae per condition. Swim bladder inflation was also reported. These measurements were processed using Leica Microsystems software v3.8.
Statistical analysis
For all experiments, each exposure condition was identically replicated three times. Each replicate was an independent sample and the solvent treatment was considered as a control treatment. Data are indicated as the mean ± SD. Variance homogeneity was assessed using the F test (p<0.01), and each fluo-contaminated sediment was compared to its respective solvent treatment with Student's t test (p<0.05). For experiment 1C, peat toxicity was statistically analysed for the three different peat concentrations. Normality of data distribution was tested on data residues using the Shapiro-Wilk test (p<0.01). Variance homogeneity was evaluated using the Levene test (p<0.05). In cases of homogenous variance and normalized data, ANOVA was performed followed by Tukey's post hoc test (p< 0.05). In opposite case, data were analysed using the Kruskal-Wallis non-parametric test (p<0.05). Principal component analysis (PCA, two-axis) was performed on enpoints for which significant differences were observed. Statistical analyses were performed using Statistica software v7.1 (StatSoft, Maisons-Alfort, France). Coefficients of variation were calculated to evaluate the repeatability of the exposure to fluo-spiked artificial sediment.
Results
Development of an artificial sediment
The suitable composition of artificial sediment was evaluated regarding sand grain size (1A), clay content (1B) and peat content (1C). No significant mortality was observed in experiments 1A-1C. For solvent-spiked sediments, the only toxicity recorded was a significantly increased heartbeat in embryos reared onto 0.5-to 2-mm sediment fractions compared to <0.2-mm or 0.2-to 0.5-mm sediment fractions (p=0.043). Fluo spiking efficiency reached 49, 25 and 34 % for the <0.2-, 0.2-to 0.5-and 0.5-to 2-mm fractions, respectively (Table 1) . Fluo exposure did not significantly affect either hatching rate or larvae morphology. However, fluo exposure significantly increased embryonic heartbeats. For the <0.2-mm sediment fraction, heartbeats of fluo-exposed embryos were 10 % higher than in control embryos (Fig. 2a) . For the 0.2-to 0.5-mm fraction, fluo-exposed larvae hatched significantly earlier than in the solvent control group (p=0.040). Therefore, fluo larvae were significantly smaller at hatching (p=0.004). Time to hatch and larvae total length were respectively 6.1 and 4.3 % significantly lower than in the control (Fig. 2b, c) . Moreover, the principal component analysis explained 76 % of the variances based on four endpoints: heartbeat, larvae total length, hatching time and larval abnormality score (Fig. 2d) . In this figure, the 0.2-to 0.5-mm solvent group was anti-correlated with the fluo treatment group, with high normalized coefficients along the first axis of the PCA (52.3 %). Therefore, the 0.2-to 0.5-mm sediment fraction was selected as the most suitable fraction for artificial sediment.
Addition of clay to the sediment of up to 15 % significantly increased fluo spiking efficiency from 63 to 105 % (Table 1) . Although there was no significant mortality (see Electronic supplementary material (ESM) Table 1), the addition of 15 % of clay to the solvent control tended to decrease the hatching rate by 9.5 % compared to the solvent control containing 0 % of clay (Fig. 3a) . In contrast, larvae exposed to fluo-spiked sediment without clay hatched 0.7 dpf later than the corresponding control solvent group (p=0.046; Fig. 3b ). For 7.5 % clay, fluo significantly decreased the hatching rate by 12 %. At 15 % clay content, contaminated larvae were significantly longer (+0.12 mm) than in the corresponding control solvent group (p=0.033; Fig. 3c ). Although the overall percentage of larval abnormalities was higher with added clay and fluo exposure, no significant difference was observed with the solvent group (see ESM Table 1 ). The majority of abnormalities were spinal, recorded in 32.8 % of the contaminated larvae exposed to 15 % clay (see ESM Table 1 ). The corresponding PCA highlighted 69 % of variance in the four endpoints: larvae total length, heartbeats, hatching success and hatching time (Fig. 3d) . The groups 0, 15 and 30 % of clay fluo and solvent treatment overlapped regarding axis 1 (40.3 %). The analysis did not reveal fluo and solvent treatment groups as being clearly independent for any clay concentration. Because a clay content of 7.5 % and above tends to clog embryos and reduce hatching rates, clay concentration for the artificial sediment was set at 5 %.
Since addition of organic matter to the sediment could putatively lead to increased microbial activity and oxygen depletion in the water column, the ERS medium was renewed daily just after dissolved oxygen concentration measurement at the water-sediment interface. In fact, oxygen saturation ranged between 97.1 and 109.3 % during embryo exposure without the addition of peat. For 2.5 % peat, 87.5 % dissolved oxygen was measured at the beginning of the exposure, and this stabilised at around 100 % after 6 days. For sediments containing 5 % peat, dissolved oxygen varied between 74.4 and 106.9 %. Dissolved oxygen content in the water column decreased significantly with increasing peat concentration in the artificial sediment, but the mean values remained above 96.8 % for all treatments (ESM Fig. 1 ). The addition of peat did not significantly affect embryo-larval survival or development in the control solvent group (see ESM Table 2 ). Fluo spiking efficiency yielded 63 % for the no-peat sediment, 59 % for 2.5 % peat and 44 % for 5 % peat (Table 1) . No significant fluo-induced effect was observed regarding embryonic heartbeat, hatching rate, swim bladder inflation, or larva body and head lengths (see ESM Table 2 ). No significant fluo-induced effect on hatching time and yolk sac area was observed for 0 and 5 % peat sediment with or without fluo exposure (Fig. 4a, b and ESM Fig. 1 ). For 2.5 % peat sediment content, time to hatch was significantly delayed (p=0.007) and the yolk sac area reduced (p=0.005) following fluo exposure. Control larvae hatched at around 11 dpf, whilst fluoexposed larvae hatched at 12.5 dpf. PAH-contaminated larvae showed yolk sac area 25 % smaller than in the solvent control larvae (Fig. 4a, b and ESM Fig. 1 ). Fluo induced abnormalities for all three sediment peat contents. Both the score and the percentage of abnormal individuals were increased by fluo exposure (p=0.017 and p=0.016; Fig. 4c and ESM Table 2 and Fig. 1 ). The fluo-spiked sediment with no peat induced the highest score, ten times higher than the no peat solventspiked sediment. The majority of fluo-induced larval abnormalities were spinal curvature, craniofacial deformities and cardiovascular anomalies (ESM Table 2 ). Severe cardiovascular anomalies, such as heart abnormal position and blood circulation defects, were particularly noticeable for the "nopeat" condition, accounting for up to 23.4 % of contaminated larvae. For the different fluo treatments, spinal deformities represented between 8.9 and 33.7 % of contaminated larvae, whilst craniofacial abnormalities were recorded in 13.3-28.9 %. Oedemas were only observed in fluo-exposed larvae, but at a low frequency (2.2 %). Eye abnormalities were not observed. Average percentages of abnormal individuals were below 10 % for all three control sediments. PCA featured 85.7 % of four factor variances: hatching time, abnormality score, larvae length and yolk sac area (Fig. 4d ). Solvent and fluo treatments for 5 % peat content overlapped along axis 1 (51.4 %). In contrast, fluo and solvent treatments for 2.5 % Fig. 2 How particles size affects fluo toxicity in Japanese medaka embryos and larvae (experiment 1A). a Heartbeat measured at embryonic stage 7 dpf. b Time to hatch. c Total length of the larvae at hatching. Different letters stand for significant differences with solvent treatment (mean±SD, N=3; Student's t test, p<0.05). d Principal component analysis representing normalized coefficients on the first two axes for four endpoints (larvae total length, heartbeat, abnormality score and time to hatch). Different numbers refer to different replicates of treatment. Plain lines refer to solvent treatments and dotted lines to fluo treatments Environ Sci Pollut Res (2014) 21:13689-13702 peat content were clearly anti-correlated along axis 1. For 0 % peat content, fluo and solvent treatments were anti-correlated along axis 2, which represents only 34.3 % of variance. Therefore, the most suitable peat concentration for artificial sediment was set at 2.5 %.
Physicochemical composition of the artificial sediment
Particle sizes of the final composition of the artificial sediment ranged between 0.2 and 0.5 mm, with a median value of 0.271 mm ( Table 2 ). The particulate organic carbon content was equivalent to 0.87 %. Dissolved ammonium in pore water reached on average 11.0 μM. Figure 5 presented the major significant effects observed in medaka early life stages exposed to three different fluo concentrations. A decrease in total larvae length for 30 μg g −1 dw fluo was reported, but this was not significantly different from the solvent larvae length (Fig. 5a) . Larval abnormalities at hatching increased with increasing fluo concentration, but the only significant changes occurred with the highest tested concentration of fluo (Fig. 5b) . Major abnormalities were spinal curvatures (Fig. 5c) .
Effect of several fluo concentrations
Validation of the artificial sediment: repeatability testing at a single fluo concentration
The control solvent and 10 μg g −1 dw fluo conditions were replicated three times with three different batches of sediment (experiments 1C, 2A and 2B). The results are summarized in Table 3 . The fluo concentration in sediment from the three different experiences varied by 10 %, equivalent to an average of 6.068 μg g −1 dw fluo. The coefficients of variation for acute toxicity enpoints-such as embryonic and larval survival and hatching rate-were low, ranging from 1 to 6 %. Biometry of larvae, including body and head lengths, varied by the same Fig. 3 How clay content affects fluo toxicity in Japanese medaka embryos and larvae (experiment 1B). a Hatching rate. b Time to hatch. c Total length of the larvae at hatching. Different letters stand for significant differences with solvent treatment (mean±SD, N=3; Student's t test, p<0.05). d Principal component analysis representing normalized coefficients on the first two axes for four endpoints (larvae total length, heartbeats, hatching rate and time to hatch). Different numbers refer to different replicates of treatment. Plain lines refer to solvent treatments and dotted lines to fluo treatments amount. Yolk sac area varied up to 10 % for solvent and 17 % for fluo treatment. In contrast, the coefficients of variation of larval abnormalities, including score and percentage, were higher, particularly for the solvent treatment. This feature results likely from variations of embryo quality from one experiment to another.
Validation of the artificial sediment: testing with additional PAH compounds Spiking efficiency on artificial sediment yielded 50 and 18 %, respectively (Table 1) . Neither of these two PAHs affected embryo or larval survival at the studied concentrations (Table 4) . BaA exposure significantly increased abnormalities in newly hatched larvae. The majority of BaA-induced abnormalities were spinal deformations and changes in jaw shape. BaP exposure did not induce teratogenicity, but significantly delayed hatching and increased yolk sac resorption.
Discussion
Selection of suitable component concentrations
The final composition of the artificial sediment was selected to enable maximal spiking efficiency, maximal pollutant toxicity and minimal toxicity of the non-spiked sediment matrix.
Neither embryonic nor larval mortality was observed at significant levels, whatever the treatment under consideration. Since only silica sand was used as a matrix to spike fluo for experiment 1A, spiking efficiencies did not exceed 50 % regardless of the grain size. However, fluo exposure induced significant adverse effects on embryo development, depending on sediment grain size. Although increased fluo sand concentration was observed with the <0.2-mm fraction, the effects of fluo on medaka embryos were more potent with the 0.2-to 0.5-mm fraction. We can suppose that fluo was more bioavailable for medaka embryos with this sand fraction. Therefore, the 0.2-to 0.5-mm grain size fraction was selected for the composition of the artificial sediment.
The addition of clay to the sediment in experiment 1B increased fluo spiking efficiency from 63 to 100 %. This is consistent with Fanget et al. (2002) who demonstrated efficient adsorption of pyrene, another four-ring PAH, to kaolin clay. They speculated that PAHs could form micro-crystals at the surface of the solid phase. In our study, when clay concentration reached 30 % dw, fewer fluo molecules adsorbed onto sediment particles. We can assume that accessibility of adsorption sites for fluo may be limited by the presence of an excess of clay. Despite efficient fluo adsorption onto clay particles, few toxic effects were observed for medaka embryos and larvae. We can thus assume that in the exposure conditions performed in our study, fluo was weakly available to medaka embryos.
In the third experiment (1C), it was shown that the addition of blond peat to the artificial sediment led to a reduction in the efficiency of fluo spiking. These results are again consistent with those of Fanget et al. (2002) who demonstrated that humic acids attach to the surface of clay particles, which in turn reduce PAH sorption to binding sites. Organic matter is an effective sorbent for hydrophobic compounds such as PAHs (Guasch et al. 2012 ). This is due to the high molecular weight and high sorption surface of the organic matter and the possibility of strong interactions through van der Waals bonds to hydrophobic pollutants (Guasch et al. 2012) . The bioavailability of PAH molecules bound to organic matter is controlled through two major mechanisms-sorption and facilitationdepending on the exposure scenario (Mayer et al. 2007; Bittner et al. 2011) . PAH sorption is mainly governed by humic substances that are flexible in shape in the presence of water and act as a trap for hydrophobic molecules (Laor et al. 1998; Fanget et al. 2002) . Thereby dissolved organic matter and particulate organic matter in water reduce freely dissolved PAHs (Akkanen and Kukkonen 2003; Akkanen et al. 2012; Laor et al. 1998; Fanget et al. 2002) . The reduced bioavailability might explain the lower toxicity of fluo for sediments containing 5 % peat compared to 2.5 % peat. Penetration of hydrophobic chemicals in living organisms is limited by the aqueous unstirred boundary layer between the organism and the water column (Kwon et al. 2006 ). This layer acts as an efficient barrier for the diffusive transfer of most hydrophobic chemicals to living organisms. However, facilitation of transport in the presence of dissolved organic matter was also recently demonstrated (Mayer et al. 2007; Bittner et al. 2011; ter Laak et al. 2009 ). Dissolved organic matter can change the water solubility of PAHs (Döring and Marschner 1998; Laor et al. 1998) . At high concentrations of dissolved humic substances, diffusive conductivity is increased, resulting in an increased uptake of pollutants by organisms (Döring and Marschner 1998; Laor et al. 1998 ). This may enhance transportation by associating with the toxic compound, its diffusion and its release into the organisms.
In conclusion, hydrophobic pollutants are able to accumulate in sediments by binding to silicates, clay and organic matter. Organic pollutants are trapped in complex structures of organic matter, whilst binding interactions with clay and silicates may be more sustainable. Consequently, the organic matter content of sediment is thought to be one of the main factors driving hydrophobic pollutant availability. In addition, the daily ERS renewal performed to stabilise dissolved oxygen above 80 % (OECD 1992) led to moderate sediment particle resuspension during the exposure. This process could increase PAH desorption and consequently improve PAH bioavailability. Differences of toxicity reported in this study likely depend on the partitioning of pollutants between the water column and the sediment, as well as differences in spiking efficiencies.
Validation of the final composition for our artificial sediment Repetition of fluo exposure revealed slight differences in the development of the control individual, which could be explained by two factors: variability in sediment and egg batches. Since the spiking efficiency of the three fractions tested was comparable, the major variability observed may be due to differences in egg batch quality. Variability in egg quality may lead to differences in embryonic and larval survival, hatching success, larvae abnormalities, time to hatch and biometry. The coefficients of variation were acceptable, equivalent on average to 1-10 %, except for larval abnormalities in the control solvent. Exposition to the artificial sediment can therefore be considered reproducible if the eggs are of high quality. A dose-dependent increase in developmental defects (mainly larval abnormalities and reduction of body length) was observed following medaka embryo exposure to fluospiked sediment. Exposure to BaA-and BaP-spiked sediments also led to adverse effects on medaka embryo development. BaP was shown to delay hatching, but had low teratogenic effects in medaka embryos. In contrast, BaA as well as fluo had no effect on the kinetic of embryonic development, but conversely induced a high level of larval abnormalities. Our findings support those of Incardona et al. for PAH embryotoxicity (Incardona et al. 2004 (Incardona et al. , 2005 (Incardona et al. , 2006 (Incardona et al. , 2011 . In our study, fluo induced more severe cardiovascular abnormalities than BaP, such as abnormal heart location and blood circulation defects. After waterborne exposure of zebrafish larvae to fluo, but not to BaP, Matson et al. (2008) observed increased prevalence of cardiac, peri-cardiac dysfunctions and severe lordosis. BaP bioavailability may be limited by its weak solubility and high molecular weight. It can also be hypothesised that the size of the molecule may limit its penetration through the chorion. BaA, known as a strong AhR agonist (Incardona et al. 2006; Barron et al. 2004) , was shown in the present study to induce developmental abnormalities such as lordosis, scoliosis and craniofacial deformities, but no significant cardiac dysfunction. BaP is also an AhR agonist (Incardona et al. 2011) , but appeared in our study to be less teratogenic than BaA or fluo. This can be partly explained by the higher soil-water partition coefficient of BaP (logK oc = 5.7-6.7), leading to stronger adsorption to sediment particles than fluo (logK oc =4.6-4.7) or BaA (logK oc =5.3; Sverdrup et al. 2002; ATSDR 1995) . In our bioassay conditions, fluo or BaA molecules were certainly more bioavailable than BaP for Japanese medaka embryos, resulting in higher exposure and toxicity levels. Our results suggest that PAH toxicity in Japanese medaka early life stages was related to the physicochemical properties of the compounds tested. It was shown herein that increasing the logK oc results in decreasing PAH embryotoxicity.
Conclusion
The final sediment composition includes 92.5 % dw of 0.2-0.5 mm silica, 5 % dw clay and 2.5 % dw Sphagnum blond peat. This artificial matrix is suitable for medaka embryo development and allows relatively high and reproducible sorption of PAHs of different molecular weights and hydrophobicity. The developmental toxicity of moderate concentrations of three different PAHs was evidenced using this artificial sediment and the MELAc test. To fully validate this new artificial matrix, other hydrophobic organic pollutants and complex pollutant mixtures should be tested.
